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ABSTRACT
A meta-analysis based on an individual-cow data 
set was conducted to investigate between-cow varia-
tions in the components and measurements of feed 
efficiency (FE) and to explore the associations among 
these components. Data were taken from 31 chamber 
studies, consisting of a total of 841 cow/period observa-
tions. The experimental diets were based on grass or 
corn silages, fresh grass, or a mixture of fresh grass 
and straw, with cereal grains or by-products as energy 
supplements, and soybean or canola meal as protein 
supplements. The average forage-to-concentrate ratio 
across all diets on a dry matter basis was 56:44. Vari-
ance component and repeatability estimates of FE 
measurements and components were determined using 
diet, period, and cow within experiment as random ef-
fects in mixed procedures of SAS (SAS Institute Inc., 
Cary, NC). The between-cow coefficient of variation 
(CV) in gross energy intake (GE; CV = 0.10) and milk 
energy (El) output as a proportion of GE (El/GE; CV 
= 0.084) were the largest among all component traits. 
Similarly, the highest repeatability estimates (≥0.50) 
were observed for these 2 components. However, the 
between-cow CV in digestibility (DE/GE), metaboliz-
ability [metabolizable energy (ME)/GE], methane yield 
(CH4E/GE), proportional urinary energy output (UE/
GE), and heat production (HP/GE), as well as the ef-
ficiency of ME use for lactation (kl), were rather small. 
The least repeatable component of FE was UE/GE. 
For FE measurements, the between-cow CV in residual 
energy-corrected milk (RECM) was larger than for re-
sidual feed intake (RFI), suggesting a greater possibil-
ity for genetic gain in RECM than in RFI. A high DE/
GE was associated with increased CH4E/GE (r = 0.24), 
HP/GE (r = 0.12), ME/GE (r = 0. 91), energy balance 
as a proportion of GE (EB/GE; r = 0.35), and kl (r = 
0.10). However, no correlation between DE/GE and GE 
intake or UE/GE was observed. Increased proportional 
milk energy adjusted to zero energy balance (El(0)/GE) 
was associated with increases in DE/GE, ME/GE, EB/
GE, and kl but decreases in UE/GE, CH4E/GE, and 
HP/GE, with no effect on GE intake. In conclusion, 
several mechanisms are involved in the observed dif-
ferences in FE among dairy cows, and reducing CH4E 
yield (CH4E/GE) may inadvertently result in reduced 
GE digestibility. However, the selection of dairy cows 
with improved energy utilization efficiencies offers an 
effective approach to lower enteric CH4 emissions.
Key words: variation, energy, residual feed intake, 
residual energy-corrected milk
INTRODUCTION
Improved feed efficiency (FE) of the modern dairy 
cow is the result of high milk yield-oriented breeding 
programs, together with proper feeding and manage-
ment of cows over the past decades. This enhanced FE 
is predominantly driven by dilution of maintenance 
requirement (Bauman et al., 1985), whereby a greater 
proportion of feed energy intake is used for milk pro-
duction instead of maintenance as production and feed 
intake increase. Currently, elite dairy cows produce milk 
and meat, which is energetically equivalent to more 
than 4× their maintenance requirements (VandeHaar 
and St-Pierre, 2006). However, by the time they attain 
about 5× maintenance, marginal increases in efficiency 
begin to plateau (VandeHaar et al., 2016) because of 
depressed energy digestibility associated with a high 
ruminal rate of passage at high intake levels (NRC, 
2001; Huhtanen et al., 2009). Therefore, further selec-
tion for higher milk production alone will no longer 
lead to substantial increases in FE. It is well known 
that selection programs with milk production as a sole 
trait have negatively affected health and reproduc-
tive performance (De Vries et al., 1999; Collard et al., 
2000). For instance, the fertility of Holstein-Friesian 
dairy cows in the United States declined steadily from 
1960 and reached a nadir in 2000. Although remedial 
actions have been taken and fertility has begun to im-
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prove since the year 2000, it will take 2 to 3 decades 
to return the population to the fertility levels they had 
some 50 years ago (Rogers and Cooper, 2011). In ad-
dition, selection exclusively on genetic merit for milk 
yield has resulted in larger cows together with greater 
maintenance costs per unit of metabolic BW (Agnew 
and Yan, 2000; Hansen, 2000), which partly offset the 
benefits of increased production. Thus, future increases 
in FE should not rely only on increasing production but 
must also focus on alternative approaches.
Previous studies have reported considerable between-
animal variation in FE (Coleman et al., 2010; Arndt et 
al., 2015). This variation is mostly linked to differences 
in dietary energy losses [fecal, methane (CH4), and 
urinary], heat production (HP), and energy retention 
(VandeHaar, 2016). On this premise, a holistic approach 
to improving the FE of individual cows is to consider it 
in the framework of classical dietary energy partitioning, 
which follows from the second law of thermodynamics. 
In simple terms, this law states that no transformation 
of energy into useful work is completely efficient, and 
the inefficiencies are lost as heat. Gross energy (GE) is 
the total chemical energy contained in a feed; some of 
which is lost as the chemical energy in feces, gases, and 
urine, and some are lost as the heat associated with the 
metabolic work of fermenting, digesting, and processing 
nutrients. The remaining energy is known as net energy, 
which is the actual energy utilized for maintenance and 
for production (lactation, body tissue accretion, and 
conceptus). Measuring the between-animal variability 
at each step of energy metabolism may provide the 
basis for future efforts to enhance FE. Because animal 
variation is possibly under genetic control, selective 
breeding for animals that partition less energy to feces, 
CH4, urine, maintenance, HP, or accreted body tissues 
could both increase the proportion of GE available for 
milk production and improve FE.
Our understanding of the relationships among the 
components involved in the observed between-animal 
variation of FE is essential for the future development 
of effective selection strategies for this trait. Hence, the 
objectives of our study were to evaluate between-cow 
variation in the components of FE and to assess the 
relationships among these components using a data set 
from chamber studies with a meta-analytical approach. 
Our companion paper (Guinguina et al., 2020) focuses 
on the effects of these components on FE.
MATERIALS AND METHODS
Animals, Feeding, and Data Recording
Data used were collected from 31 individual stud-
ies conducted using a continuous design (9 studies) 
and changeover design (Latin square or switchback). 
The majority of these studies have been published in 
peer-reviewed scientific journals, and their references 
are presented in the supplemental data file (https: / / 
doi .org/ 10 .3168/ jds .2020 -18257). A total of 841 cow/
period observations from 4 dairy breeds (609 Holstein-
Friesian, 171 Nordic Red, 32 Jersey, and 29 Holstein-
Friesian × Jersey) were included in the complete data 
set. The cow per period observations were considered 
as experimental units. Cows in our study were from 3 
research herds from the UK (20 studies, 97 diets, and 
534 observations), Denmark (9 studies, 35 diets, and 
171 observations), and Finland (2 studies, 3 diets, and 
136 observations). The research herds were located at 
Agri-Food and Biosciences institute–AFBI (Hillsbor-
ough, UK), the Danish Cattle Research Centre (AU 
Foulum, Denmark), and Natural Resources Institute 
Finland (LUKE; Jokioinen, Finland). A total of 100 
cows used in the EU project RUMINOMICS (http: / / 
www .ruminomics .eu) were from the Finnish herd and 
were part of our data set. The minimum requirement 
for a study to be included in the meta-analysis was 
that feed intake, BW, milk production data, diet di-
gestibility, and gas consumption and production data 
were available.
The data set was collated to cover a wide range of di-
etary compositions from studies that investigated feed-
ing level, forage type, proportion of concentrate supple-
mentation, concentrate energy or carbohydrate sources, 
fat and protein supplementation, CH4 mitigation strat-
egies, forage maturity at harvest, and silage fermenta-
tion quality. Cows were offered forage-only diets (n = 
44) or forages with a proportion of concentrates (n = 
797) varying from 130 to 820 g/kg of DM. The diets 
were offered as TMR or concentrates, and forages were 
fed separately to fulfill specific aims within individual 
experiments. The mean forage-to-concentrate ratio of 
the diets was 56:44 on DM basis. Except for 4 studies in 
which animals were fed restrictively, cows had ad libi-
tum access to experimental diets. Diets containing less 
than 250 g/kg DM proportion of forage were deleted 
from the data set so that only diets within the normal 
range as fed to dairy cows were included. The forages 
offered included grass silage (649), mixture of grass 
silage and corn silage (n = 112), fresh grass (n = 25), 
mixture of fresh grass and straw (n = 4), corn silage 
(n = 8), and mixture of corn and grass-clover silages 
(n = 43). Grass silages were produced from primary 
growth, primary regrowth, and secondary regrowth 
material, and were either wilted or unwilted before 
ensiling with or without application of silage additives. 
The concentrates used in each of the studies included 
cereal grains (barley, wheat, or corn), agro-industrial 
by-products (molassed or unmolassed sugar beet pulp, 
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citrus pulp, or molasses), protein supplements (soybean 
meal, canola expeller, or meal), oil supplements, and 
mineral-vitamin supplements.
Experiments constituted digestibility trials where 
animals spent part of the experimental period in open-
circuit indirect calorimeter chambers. Feed intake was 
recorded manually as the difference between feed offered 
and refusals. Before measurements in the respiration 
chambers, the cows were adapted to their experimental 
diets for at least 14 to 21 d in a loose-housing barn 
(in tiestalls for Danish studies). They were then trans-
ferred to individual tiestalls (Finnish and UK studies) 
for a period of 5 to 8 d, where measurements of total 
feed intake and the total collection of feces and urine 
were made during the final 3 to 6 d (Danish and UK 
studies). Immediately after digestibility measurements, 
cows were housed in calorimeter chambers for 3 to 5 d 
with measurements of gaseous exchanges (CH4, CO2, 
and O2) taking place during the final 2 to 5 d (for 
Danish and UK studies). In the case of Finnish stud-
ies, digestibility and gaseous exchanges were measured 
simultaneously in calorimeter chambers.
Calculations
Only studies including digestibility data were used in 
the final analysis. When either GE or OM digestibility 
(DE/GE and OMD, respectively) were not reported, 
they were estimated using prediction equations derived 
from the present data set with a mixed model regres-
sion analysis, as follows:
 DE/GE (kJ/MJ) = −13.6 ± 12.66   
 + 1.00 ± 0.018 × OMD [1]
[adjusted root mean square error (RMSE) = 5.63; n 
= 136];
 OMD (g/kg of DM) = 42.0 ± 11.23 + 0.96 ± 0.016   
 × DE/GE (kJ/MJ) [2]
(adjusted RMSE = 5.40; n = 136). The RMSE was ad-
justed for random experiment, diet within experiment, 
and period within experiment effects.
Heat production (MJ/d) was calculated from vol-
umes of O2 consumption (L/d), CO2 production (L/d), 
CH4 production (L/d), and urinary nitrogen excretion 
(UN, g/d), according to Brouwer (1965):
 HP = 0.01618 × O2 + 0.00502 × CO2 − 0.00599   
 × UN − 0.00217 × CH4 [3]
When the UN (g/d) was not reported (n = 705), it was 
calculated as follows:
 UN = N intake − Fecal N − Milk N   
 − Scurf N − Retained N, [4]
where scurf N was calculated according to NRC (2001), 
N retention was estimated from the calculated energy 
balance (EB) by assuming that BW gain corresponds 
to EB of 34 MJ/kg and BW loss to 28 MJ/kg, and that 
BW change represents 25.2 g of N/kg (MAFF, 1975).
Energy balance (MJ/d) was calculated for each cow 
using the following equation:
 EB = ME intake − HP − El, [5]
where El is milk energy output (MJ/d).
When ME intake (MJ/d) was not reported (n = 65), 
it was calculated as follows:
 ME intake = DE intake − CH4E − UE, [6]
where UE is urinary energy output. Methane energy 
(CH4E, MJ/d) was calculated using the factor 0.05524 
MJ/g of CH4 proposed by Kriss (1930).
When UE was not reported, it was calculated using 
prediction equations derived from the current data set 
with a mixed model regression analysis, as follows:
 UE (MJ/d) = −3.6 ± 1.88 + 0.37 ± 0.052   
× DMI (kg/d) + 0.006 ± 0.0014 × forage proportion  
(g/kg of DM) + 0.03 ± 0.008 × CP (g/kg of DM) 
  [7]
(adjusted RMSE = 3.34; n = 624). The RMSE was ad-
justed for random experiment, diet within experiment, 
and period within experiment effects.
The ME requirement for maintenance (MEm, MJ/
kg of BW0.75) of individual cows was estimated from 
net energy requirement for maintenance (NEm) divided 
by the efficiency of utilization of ME for maintenance 
(km). The NEm was calculated from the current data 
using the intercept (0.50 MJ/kg of BW0.75) from Figure 
1, and km was calculated using the equation of AFRC 
(1993):
 MEm = NEm/km =   
 0.50/(0.35 × ME/GE + 0.503). [8]
The efficiency of ME use for lactation (kl) for individual 
cows used in the present study was calculated using the 
equation of AFRC (1993):
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 kl = El(0)/(ME intake – MEm), [9]
where El(0) is milk energy output (El) adjusted to zero 
energy balance (MJ/d), calculated from Equations [10] 
and [11]:
 if EB > 0, El(0) = El + (1/0.95) × EB; [10]
 if EB < 0, El(0) = El + 0.84 × EB. [11]
Energy efficiency measures were defined and es-
timated as follows: residual feed intake (RFI) was 
calculated by regressing DMI (kg/d) on major energy 
sinks metabolic BW (kg0.75, related to maintenance), 
energy-corrected milk (ECM, kg/d), and body energy 
change (i.e., EB, MJ/d). The regression was adjusted 
for random experiment, period within experiment, and 
diet within experiment, to account for potential differ-
ences in accuracy of intake records across experiments 
and for differences in growth and lactation for different 
experimental periods and diets. The prediction equa-
tion residual was defined as RFI. Residual energy-
corrected milk (RECM) was also estimated from the 
current data with multiple linear regression including 
GE intake (MJ/d), metabolic BW (kg0.75; related to 
maintenance), and EB (MJ/d), to model ECM (kg/d). 
The estimated partial regression coefficients of the 
models are reported and discussed in our companion 
paper (Guinguina et al., 2020).
Statistical Analysis
The relationships between energy metabolism vari-
ables (DE/GE, CH4E/GE, and UE/GE) and animal 
variables were determined using multiple linear regres-
sion equations by running iterations in the MIXED 
model procedure of SAS (version 9.4; SAS Institute 
Inc., Cary, NC), using the following model:
 Yij = B0 + B1X1ij + b0 + biX1ij + B2X2ij   
+ . . . + BnXnij + eij,
where Yij = the expected value for the dependent vari-
able Y observed at level of j of the independent variable 
X in study i; B0 = the overall intercept (fixed effect); 
b0 = the random effect of study i on the intercept (i 
= 1, . . . , 31); B1, B2, . . . , and Bn are the regression 
coefficients of Y on X1, X2, . . . , and Xn across all 
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Figure 1. Linear regression of milk energy output adjusted to zero energy balance [El(0)] against ME intake for lactating dairy cows, consist-
ing of 809 cow/period observations from 31 chamber studies: El(0) = 0.68 (±0.007) × ME intake − 0.50 (±0.013; SE of the coefficients).
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studies (fixed effects), X1ij, X2ij, . . . , and Xnij = value 
j of the continuous variables X1 X2, . . . , and Xn in 
study i; bi = is the random effect of study i on the 
regression coefficient of Y on X1 in study i (i = 1, . . . , 
31); and eij = the residual error. The models included 
2 random statements: a random intercept and slope of 
X1 with SUBJECT = Diet(Exp) and a random inter-
cept with SUBJECT = Period(Exp), using the TYPE 
= VC (variance components) covariance structure for 
all random statements. The method = ML (maximum 
likelihood) statement was used in the PROC MIXED 
model syntax. Only 1 random independent variable 
was used, to avoid over-parameterized models and to 
improve convergence (St-Pierre, 2001).
Variance components of energy intake (GE, MJ/d) 
and output (CH4E, UE, HP, and El, expressed in kJ/
MJ of GE), as well as energy utilization efficiencies (DE 
and ME, expressed as kJ/MJ of GE, and kl) and FE 
measures (RECM and RFI), were estimated using the 
PROC MIXED procedure of SAS. Experiment (Exp), 
diet within experiment [Diet(Exp)], period within ex-
periment [Period(Exp)], and cow within experiment 
[Cow(Exp)] were specified as random factors, and 
grams of DMI per kilogram of BW (DMIBW) was 
added as a covariate to take into account the dilution 
of maintenance effect of feeding level. Covariance struc-
ture was specified using the TYPE = VC option in the 
RANDOM statement. From these estimates, repeat-
ability values (Rep) for all variables were calculated as 
Rep
 
Cow
Cow Residual
=
+
σ
σ σ
2
2 2
,  where σCow
2  and σResidual
2  are 
Cow(Exp) and residual variances, respectively. Repeat-
ability values estimated the correlation between values 
from consecutive samples on the same cow, on the same 
diet, and within the same period of the same experi-
ment. The standard deviation (SD) and coefficient of 
variation (CV) for each factor were calculated as the 
square root of the variance estimate, and SD divided by 
the corresponding mean value of each factor, respec-
tively. Only data from changeover studies (n = 641) 
were used for the variance components analysis because 
of multiple measurements on the same individual.
The regression technique was also used to determine 
kl. The relationship between El(0) (MJ/kg of BW
0.75) 
and ME intake (MJ/kg of BW0.75) was fitted within 
the MIXED linear regression model procedure of SAS 
(Littell et al., 2006) using the following model:
 Yij = B0 + B1X1ij + b0 + biX1ij + eij, 
where Yij = the expected value for the dependent vari-
able Y observed at level of j of the independent variable 
X in the study i; B0 = the overall intercept (fixed ef-
fect); b0 = the random effect of study i on the intercept 
(i = 1, . . . , 31); bi = the random effect of study i on 
the regression coefficient of Y on X1 in study i (i = 1, 
. . . , 31); B1 is regression coefficient of Y on X1 across 
all studies (fixed effects); X1ij = value j of the continu-
ous variable X1 in study i; and eij = the residual error. 
The prediction models included 1 independent variable 
(X1) and 1 random statement: a random intercept and 
slope of X1 with SUBJECT = Exp using the TYPE = 
UN (unstructured covariance). Outlier observations for 
dependent variables were investigated for leverage and 
influence by the diagnostics DFFITS and DFBETAS 
(Belsley et al., 1980). Cutoff values suggesting that an 
observation was an outlier were set at |DFFITSi| > 
2√(p/n) and |DFBETASij| > 2√n, where p = number 
of variables estimated in the model and n = total num-
ber of observations in the model.
Partial correlation coefficients among energy me-
tabolism variables were determined using MANOVA 
in PROC GLM of SAS, controlling for DMIBW, Exp, 
[Diet(Exp)], and [Period(Exp)].
RESULTS
Data Description
The animal, diet, and energy metabolism data used 
in the present study are presented in Table 1. The data 
set had a wide range in BW (379 to 847 kg) and DMI 
(7.5 to 30.9 kg/d). The average ECM of the cows was 
25.6 kg/d, varying from 6.2 to 52.0 kg/d. The cows 
were offered either forage-only diets or TMR represent-
ing various CP concentrations (113 to 250 g/kg of DM) 
and fiber (NDF) contents (224 to 604 g/kg of DM). 
The data represented a wide range of GE intakes and 
correspondingly large differences in energy outputs 
from urine, CH4, and HP. Metabolizable energy intake 
ranged from 84 to 379 MJ/d and milk energy output 
from 19.0 to 163 MJ/d. The range in EB was relatively 
high (−49 to 50 MJ/d) as the data included studies 
with different feeding levels. Sixty-three percent of the 
841 estimates of EB were zero and positive (range = 
0.0 to 50.0 MJ/d). Cows produced on average 21.6 MJ 
of CH4 per day.
Summary statistics for data on energy partitioning, 
energy utilization efficiency, and FE used in the present 
study are presented in Table 2. Gross energy digestibil-
ity (DE/GE) and metabolizability (ME/GE) exhibited 
low variation (CV = 0.053 and 0.060, respectively) con-
sidering they also included between-diet and between-
period variation. Methane energy as a proportion of GE 
intake was 65.9 kJ/MJ on average, with minimum and 
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maximum values of 36 and 108 kJ/MJ, respectively. 
Milk energy output as a proportion of GE intake aver-
aged 237, varying from 99 to 401 kJ/MJ. The average 
MEm was 0.68 MJ/kg BW
0.75. The mean kl value was 
0.65, and the CV was high (0.129). The determination 
of MEm and kl by regression is shown in Figure 1 as 
the relationship between milk energy adjusted to zero 
EB and ME intake. The MEm from this figure was 0.73 
MJ/kg BW0.75, and the slope representing kl was 0.68.
Regression of Methane Yield, Digestibility, and Urine 
Energy on Animal Variables
The relationship between DE/GE, CH4E/GE, UE/
GE, and animal variables is shown in Table 3. Gross 
energy digestibility was not related to DMI but was 
positively related to BW (P = 0.04). Both DE/GE (P 
< 0.01) and BW (P < 0.01) were positively related to 
CH4E/GE, whereas increases in total DMI were lin-
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Table 1. Summary statistics for feed intake, diet composition, milk yield, and energy metabolism used in the 
present study
Item n Mean SD Minimum Maximum
BW, kg 841 570 84.9 379 847
ECM, kg/d 841 25.6 8.4 6.2 52.0
Diet composition, g/kg of DM      
 OM 705 922 13.0 854 949
 CP 796 175 23.6 113 250
 NDF 671 381 63.5 224 604
Intake, kg/d      
 Forage DM 841 9.8 2.95 2.9 20.8
 Concentrate DM 841 8.1 3.69 0.0 17.2
 Total DM 841 18.0 4.00 7.5 30.9
 OM 841 16.8 3.73 7.5 28.6
 Forage proportion, kg/kg 841 0.56 0.175 0.25 1.00
 DMIBW,1 g/kg 841 31.7 5.34 15.8 54.6
Diet digestibility, g/kg      
 DM 841 738 38.6 621 871
 OM 841 752 37.2 640 883
Energy intake and output, MJ/d      
 Gross energy 841 335 79.0 137 582
 Digestible energy 841 247 54.4 104 427
 Urinary energy 841 11.9 4.54 2.0 28.0
 Methane energy 841 21.6 4.35 11.0 35.0
 ME 841 214 48.6 84.0 379
 Heat production 841 128 21.2 75.0 185
 Milk energy 841 80.4 26.4 19.0 163
 Energy balance 841 5.1 20.2 −49.0 50.0
1Dry matter intake per kg of BW.
Table 2. Summary statistics for data on energy partitioning, energy utilization efficiency, and feed efficiency 
used in the present study
Item1 n Mean SD Minimum Maximum
Energy partitioning, kJ/MJ      
 DE/GE 841 740 38.9 620 877
 UE/GE 841 35.7 10.6 5.1 79.3
 CH4E/GE 841 65.9 10.9 36 108
 ME/GE 841 639 38.1 487 741
 HP/GE 841 390 48.9 261 578
 El/GE 841 237 41.3 99 401
 EB/GE 841 11.7 60.6 −238 165
Energy utilization      
 MEm, MJ/kg of BW
0.75 841 0.68 0.013 0.65 0.74
 kl 841 0.65 0.087 0.28 0.95
Feed efficiency measures      
 RFI, kg/d 841 0.29 1.39 −4.50 4.72
 RECM, kg/d 841 0.09 3.31 −9.02 11.0
1GE = gross energy; DE = digestible energy; UE = urinary energy output; CH4E = methane energy output; 
HP = heat production; El = milk energy output; EB = energy balance; MEm = ME requirement for mainte-
nance; kl = efficiency of ME use for lactation, calculated from Equation [9]; RFI = residual feed intake; RECM 
= residual energy-corrected milk.
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early associated (P < 0.01) with decreases in CH4E/
GE. Urine energy as a proportion of GE intake was 
related to neither BW, DE/GE, nor CH4/GE, but was 
strongly and negatively correlated with DMI.
Variance Component
Feeding level has often influenced measures of di-
gestion and metabolism. Therefore, the feeding level 
parameter (DMIBW) was added to the variance com-
ponent analysis as a covariate in the present study. In 
general, the effect of experiment (Exp) was the largest 
source of variation observed in the data set. The vari-
ance components of GE intake and energy output traits 
are shown in Table 4. Gross energy intake had the high-
est repeatability, as the between-cow CV (0.10) in this 
trait was 1.4 times the CV due to diet. For UE/GE, 
which was the least repeatable (0.10), Diet(Exp) vari-
ance was more than double the between-cow variance. 
For CH4E/GE, HP/GE, and El/GE, the between-cow 
CV was higher than the CV due to diet. Among all 
energy output measures, the highest between-cow CV 
(0.084) and repeatability estimate (0.50) was observed 
in El/GE.
The variance components for energy use and efficien-
cy measures are presented in Table 5. For DE/GE and 
ME/GE, the CV associated with diet was greater than 
the between-cow CV, with moderate repeatability esti-
mates. For kl, the between-cow CV (0.038) was greater 
than the CV associated with diet (0.019), with a low 
repeatability estimate (0.15). For RECM, the CV due 
to diet was about half the between-cow CV, whereas 
they were similar for RFI.
Partial Correlations Among Components  
of Feed Efficiency
Table 6 shows the partial correlation coefficients 
among FE components and measures of FE. Increased 
GE intake was associated with increased EB/GE (r = 
0.12) but decreased UE/GE (r = −0.17). An increase 
in DE/GE was associated with increased CH4E/GE (r 
= 0.24), HP/GE (r = 0.12), EB/GE (r = 0.35), and kl 
(r = 0.10). A strong positive correlation between DE/
GE and ME/GE (r = 0.91) was found. Higher ME/
GE was associated with increased El(0)/GE (r = 0.68), 
EB/GE (r = 0.50), and kl (r = 0.27) but decreased 
UE/GE (r = −0.29). Milk energy output adjusted to 
zero energy balance as a proportion of GE intake was 
positively correlated with DE/GE (0.51), EB/GE (r = 
0.74), and kl (r = 0.87) but negatively associated with 
UE/GE (r = −0.21), CH4E/GE (r = −0.37), and HP/
GE (r = −0.74).
DISCUSSION
Variations in energy losses and utilization are be-
lieved to contribute to the between-cow variation in FE 
(VandeHaar et al., 2016). Our ability to quantify both 
the variability among cows in each component and any 
potential trade-offs is critical if we are to improve FE 
in the future. However, little information is available on 
between-cow variations in the components underpin-
ning FE and any potential trade-offs. Therefore, the 
aim of the present study was to take the research further 
to quantify the between-cow variation at each step of 
energy conversion and to evaluate the trade-offs among 
these components in lactating dairy cows, using energy 
metabolism data measured in calorimeter chambers. 
The data set represented a very wide variation in milk 
production and, in particular, included some very high 
milk yields from cows of high genetic merit. It covered 
the expected ranges in dietary chemical composition 
and feed intake of dairy cows in the Northern European 
countries. It should be noted that these results were 
derived from indoor-feeding cows offered diets based on 
grass silage, corn silage, and fresh grass.
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Table 3. Influence of animal variables on digestible, methane, and urine energy as proportions of gross energy (GE) intake (kJ/MJ), estimated 
by multiple mixed model regression derived from 31 chamber studies in lactating dairy cows (n = 841)1
Variable
CH4E/GE
P-value
DE/GE
P-value
UE/GE
P-valueEstimate SE Estimate SE Estimate SE
Intercept 44.2 7.64 <0.01 687 12.7 <0.01 36.9 7.54 <0.01
DMI, kg/d −1.38 0.113 <0.01 0.17 0.489 0.73 −0.70 0.136 <0.01
DE/GE, kJ/MJ 0.041 0.010 <0.01 — — — 0.017 0.010 0.08
CH4E/GE, kJ/MJ — — — — — — −0.0021 0.0322 0.95
BW, kg 0.028 0.004 <0.01 0.031 0.0148 0.04 −0.0015 0.0042 0.72
AIC2 5,678   7,729   5,584   
Residual variance 36.7   371   31.3   
1CH4E = methane energy output; DE = digestible energy; UE = urinary energy output.
2AIC = Akaike’s information criterion.
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Between-Cow Variation and Repeatability
The repeatability and between-cow CV estimated by 
variance components were used to identify the mecha-
nisms related to between-cow differences in FE. The ef-
fects of experiment, diet, and period within experiment 
were statistically removed from the data set so that 
the differences in the processes contributing to varia-
tion in FE of individual cows could be detected. It is 
well known that feeding level influences digesta passage 
rate, which has consequences on energy partitioning 
variables such us digestibility and CH4E output (Yan et 
al., 2010; Ramin and Huhtanen, 2013). Therefore, in the 
determination of between-cow CV in the components of 
FE, feeding level (DMIBW) was used as a covariate, 
and the components were expressed in kilojoules per 
megajoule of GE intake to standardize intake.
Feed intake, defined as DM or GE intake is an im-
portant component of all available FE traits in dairy 
cattle. In the present study, we adopted the energy unit 
for feed intake. The between-cow CV in GE intake was 
0.10. We estimated a similar between-cow CV (0.094) 
in DMI from the data set of Huhtanen et al. (2015). 
Our results showed that the between-cow CV was 1.4-
fold the CV due to diet, indicating that genetics has 
a greater consequence on feed intake than diet does. 
The repeatability for GE intake (0.68) was the highest 
among all component traits evaluated. The estimated 
value in the present study is consistent with the across-
lactation repeatability estimate of 0.66 documented in 
5,162 lactating dairy cows (Berry et al., 2014). In a 
recent study, Guinguina et al. (2019) also reported a re-
peatability estimate of 0.65 for DMI in lactating dairy 
cows in digestion studies. We estimated a repeatability 
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Table 4. Variance component estimates for gross energy intake and energy output variables, using DMIBW1 
as a covariate with data set derived from 22 changeover studies in dairy cows (n = 641)
Item2 Estimate SE P > Z3 SD4 CV5 REP6
GE, MJ/d      0.68
 Exp 2,505 858 <0.01 50.0 0.155  
 Diet(Exp) 518 122.0 <0.01 22.76 0.071  
 Period(Exp) 308 81.6 <0.01 17.6 0.054  
 Cow(Exp) 1,039 135 <0.01 32.2 0.100  
 Residual 499 39.9 <0.01 22.3 0.069  
UE/GE, kJ/MJ      0.10
 Exp 61.4 20.5 <0.01 7.84 0.234  
 Diet(Exp) 11.9 3.81 <0.01 3.45 0.103  
 Period(Exp) 5.50 1.97 <0.01 2.34 0.070  
 Cow(Exp) 2.71 1.29 0.02 1.65 0.049  
 Residual 25.2 1.95 <0.01 5.02 0.150  
CH4E/GE, kJ/MJ      0.46
 Exp 37.8 14.8 <0.01 6.15 0.093  
 Diet(Exp) 17.6 3.81 <0.01 4.20 0.063  
 Period(Exp) 4.0 1.47 <0.01 1.99 0.030  
 Cow(Exp) 19.2 3.01 <0.01 4.38 0.066  
 Residual 22.9 1.80 <0.01 4.79 0.072  
HP/GE, kJ/MJ      0.20
 Exp 893 294 <0.01 29.9 0.076  
 Diet(Exp) 61 35.0 0.04 7.80 0.020  
 Period(Exp) 70 25.7 <0.01 8.34 0.021  
 Cow(Exp) 113 30.4 <0.01 10.7 0.027  
 Residual 443 35.8 <0.01 21.1 0.053  
El/GE, kJ/MJ      0.50
 Exp 493 208 <0.01 22.2 0.096  
 Diet(Exp) 31 23.7 0.10 5.5 0.024  
 Period(Exp) 452 89.2 <0.01 21.3 0.092  
 Cow(Exp) 376 62.2 <0.01 19.4 0.084  
 Residual 383 31.9 <0.01 19.6 0.085  
1DMI per kg of BW.
2Exp = experiment; Diet(Exp) = diet within experiment; Period(Exp) = period within experiment; Cow(Exp) 
= cow within experiment; GE = gross energy intake; UE = urinary energy output; CH4E = methane energy 
output; HP = heat production; El = milk energy output.
3Probability of Z-value.
4Calculated as square root of variance component estimate.
5Calculated as SD divided by the respective mean value of the variable.
6Repeatability = σ σ σCow Cow Residual
2 2 2+( ),  where σCow2  and σResidual2  are Cow(Exp) and residual variances, 
respectively.
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Table 5. Variance component estimates for energy utilization variables and feed efficiency measurements, 
using DMIBW1 as a covariate with data set derived from 22 changeover studies in dairy cows (n = 641)
Item2 Estimate SE P > Z3 SD4 CV5 REP6
DE/GE, kJ/MJ      0.28
 Exp 434 164 <0.01 20.8 0.028  
 Diet(Exp) 235 52.5 <0.01 15.3 0.021  
 Period(Exp) 58 20.4 0.002 7.61 0.010  
 Cow(Exp) 110 23.9 <0.01 10.5 0.014  
 Residual 281 22.1 <0.01 16.8 0.023  
ME/GE, kJ/MJ      0.23
 Exp 162 85.8 0.03 12.7 0.020  
 Diet(Exp) 247 55.3 <0.01 15.7 0.024  
 Period(Exp) 59 21.0 <0.01 7.71 0.012  
 Cow(Exp) 92 23.4 <0.01 9.59 0.015  
 Residual 315 24.7 <0.01 17.7 0.028  
kl      0.15
 Exp 43.9 14.6 <0.01 6.62 0.103  
 Diet(Exp) 1.5 1.94 0.22 1.21 0.019  
 Period(Exp) 3.9 1.74 0.01 1.98 0.031  
 Cow(Exp) 5.9 1.90 <0.01 2.43 0.038  
 Residual 32.2 2.57 <0.01 5.68 0.088  
RECM, kg/d      0.25
 Exp 3.34 1.33 0.01 1.83 0.076  
 Diet(Exp) 0.41 0.224 0.04 0.64 0.026  
 Period(Exp) 1.43 0.368 <0.01 1.20 0.050  
 Cow(Exp) 0.98 0.233 <0.01 0.99 0.041  
 Residual 2.92 0.238 <0.01 1.71 0.071  
RFI, kg/d      0.22
 Exp 0.40 0.167 <0.01 0.632 0.036  
 Diet(Exp) 0.17 0.049 <0.01 0.408 0.023  
 Period(Exp) 0.11 0.040 <0.01 0.325 0.019  
 Cow(Exp) 0.12 0.034 <0.01 0.352 0.020  
 Residual 0.45 0.036 <0.01 0.669 0.038  
1DMI per kg of BW.
2GE = gross energy intake; DE = digestible energy; kl = efficiency of ME use for lactation, calculated from 
Equation [9] and expressed as a percentage; RECM = residual energy-corrected milk; RFI = residual feed 
intake; Exp = experiment; Diet(Exp) = diet within experiment; Period(Exp) = period within experiment; 
Cow(Exp) = cow within experiment.
3Probability of Z-value.
4Calculated as square root of variance component estimate.
5Calculated as SD divided by the respective mean value of the variable.
6Repeatability = σ σ σCow Cow Residual
2 2 2+( ),  where σCow2  and σResidual2  are Cow(Exp) and residual variances, 
respectively.
Table 6. Partial correlation coefficients1 of the associations among energy metabolism variables (n = 641)
Item2 DE/GE UE/GE CH4E/GE ME/GE HP/GE El(0)/GE EB/GE kl
GE −0.016 −0.17** −0.076 0.045 −0.033 0.051 0.12** 0.010
DE/GE  −0.029 0.24** 0.91** 0.12* 0.51** 0.35** 0.10*
UE/GE   0.036 −0.29** 0.025 −0.21** −0.16** −0.10*
CH4E/GE    −0.091† 0.44** −0.37** −0.37** −0.44**
ME/GE     −0.032 0.68** 0.50** 0.27**
HP/GE      −0.74** −0.60** −0.91**
El(0)/GE       0.74** 0.85**
EB/GE        0.64**
kl         
1Correlations were controlled for feeding level, experiment, diet within experiment, and period within experiment effects.
2GE = gross energy; DE = digestible energy; UE = urinary energy output; CH4E = methane energy output; HP = heat production; El(0) = 
milk energy output adjusted to zero energy balance; EB = energy balance; kl = efficiency of ME use for lactation, calculated from Equation [9].
†P < 0.10; *P < 0.05; **P < 0.01.
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of 0.81 for DMI from the data set of Huhtanen et al. 
(2015). The high repeatability suggests that feed intake 
is mostly influenced by additive genetic and permanent 
environmental effects rather than management prac-
tices. However, because the genetic correlation between 
feed intake and ECM or BW is positive (Spurlock et al., 
2012), caution must be exercised when evaluating FE 
using only feed intake, as we risk selecting for cows that 
become too thin or have low milk production.
The between-cow CV in DE/GE and ME/GE were 
0.014 and 0.015, respectively. In a recent meta-analysis 
by Cabezas-Garcia et al. (2017), a value of 0.013 for 
between-cow CV in OMD was reported. In the ex-
periment reported by Flatt et al. (1969), slightly higher 
estimates of between 0.019 and 0.025 in the ratio of 
DE or that of ME to GE were obtained. These results 
demonstrate that little variability exists among cows 
in their ability to digest and metabolize a given diet, 
especially when intakes are standardized. The increased 
degree of homogeneity of cows in their ability to digest 
and absorb nutrient observed in our study compared 
with the study of Flatt et al. (1969) could be attributed 
to improvements in feeding and management of cows 
as well as methods of measuring digestibility that are 
more consistent than they were 50 years ago. In our 
study, the between-cow CV for energy digestibility and 
metabolizability was smaller than the CV due to diet. 
Many years of considerable research have shown that 
digestibility and metabolizability can be greatly influ-
enced by dietary factors (Mertens, 1993; Huhtanen et 
al., 2006; Nousiainen et al., 2009). In the data used for 
the current meta-analysis, these dietary factors varied 
greatly across studies; hence, a greater effect of diet on 
digestibility and metabolizability was expected. Over-
all, these results suggest that considerable improvement 
in digestibility and metabolizability could be achieved 
through dietary manipulation with less improvement 
via selection.
In recent years, interest has been increasing in se-
lecting animals that emit less CH4. Genetic progress 
through selection requires that the between-animal CV 
is large enough to make improvement and that the trait 
is heritable and can be reliably measured. Earlier stud-
ies have shown that methane emission is a heritable 
trait, with heritability estimates ranging from 0.12 to 
0.44 depending on the method of measurement (de 
Haas et al., 2011; van Engelen et al., 2015; Lassen and 
Løvendahl, 2016). Garnsworthy et al. (2012a) reported 
approximately 19% between-cow CV in CH4 emission 
rate (g/min) using the sniffer method. In the studies of 
Bell et al. (2014) and van Engelen et al. (2018), even 
greater between-cow variabilities in CH4 emission (g/d) 
were reported using the same methods. In contrast, the 
present results derived from respiration chamber data 
indicate much smaller (CV = 10.0%; results not shown) 
variability in CH4 emission (MJ/d).When expressed as 
a proportion of GE intake, the between-cow variation 
in CH4 yield (kJ/MJ of GE) was 6.6%. Blaxter and 
Clapperton (1965) reported slightly greater variability 
(from 7.2 to 8.1%) in CH4 yield (g/kg of DMI) for sheep 
in closed-circuit respiration chambers. In 10 studies us-
ing the GreenFeed system (C-Lock Inc., Rapid City, 
SD), the average between-cow CV in CH4 yield (g/kg 
of DMI) was 10.7% (Cabezas-Garcia, 2017). It appears 
that the large between-animal CV with associated large 
random errors in the data are mainly observed when 
measurements of CH4 are based on the sniffer method. 
Small between-cow variability in CH4 yield in the pres-
ent study is consistent with the small between-cow vari-
ability (6.7%) in CH4 yield (g/kg of DMI) estimated 
from rumen fermentation pattern using stoichiometric 
principles (Cabezas-Garcia et al., 2017). On an energy 
basis, the effect of between-cow variability in CH4 yield 
is small. Assuming a DMI of 20 kg/d (GE concentra-
tion of 18.5 MJ/kg of DM), ± 1 SD variation in CH4 
yield corresponds to ± 1.6 MJ of energy—that is, the 
requirement of approximately ± 0.3 kg of ECM. The 
true effect is likely to be even smaller because of the 
positive relationship between digestibility and CH4 
production. This is discussed further in our companion 
paper (Guinguina et al., 2020). The CH4 yield in the 
present study was moderately repeatable (0.46). Us-
ing the GreenFeed system in 28 lactating dairy cows, 
Huhtanen et al. (2013) reported a higher repeatability 
value (0.78) for CH4 yield (g/kg of DMI). The lower 
repeatability of CH4 yield in the present study could 
be related to the shorter measurement periods (3 to 5 
d) in respiration chambers, which will reduce variation 
between cows (Garnsworthy et al., 2012b) and subse-
quently repeatability.
The between-cow CV of the ratio of El to GE intake 
was 0.084. From the experiment reported by Arndt et 
al. (2015), we estimated that between-cow CV in the 
ratio of El to DMI was 0.119. A similar value of 0.113 
was estimated for ECM/DMI from data reported in the 
meta-analysis by Huhtanen et al. (2015). The moderate 
to high repeatability estimates observed in the current 
study for El/GE (0.50) and for ECM/DMI (0.85) in the 
data reported in the study by Huhtanen et al. (2015) 
suggest that variation among cows in proportional milk 
energy output potentially has a high heritability. In-
deed, previous studies have reported significant levels 
of heritability (0.14–0.37) for the ratio of ECM to DMI 
(Van Arendonk et al., 1991; Vallimont et al., 2011).
A relatively limited number of studies have at-
tempted to evaluate the between-cow CV in MEm in 
producing animals. Graham (1982) discussed how the 
response in MEm to a change in feed intake is rather 
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slow in lactating cows. This makes it difficult to evalu-
ate the between-individual CV in MEm, especially in 
changeover studies, where cows are placed on different 
diets after every 21 to 28 d. Moreover, the simultaneous 
measurements of MEm and kl in lactating cows are not 
practically feasible, because MEm requires that animals 
are fed only to meet their basic metabolic functions 
plus some activity, without any gain or loss in body 
tissue. Therefore, in the present study, a fixed NEm was 
assumed for all cows in estimating MEm, leading to an 
infinitesimal CV (0.5%, P < 0.01; results not shown) 
in MEm between cows. This variation was due to dif-
ferences in q-value (ME/GE). van Es (1961) estimated 
values of between 0.04 and 0.08 in dry dairy cows and 
between 0.05 and 0.10 in a review of an additional 237 
energy balance studies in dairy cows and steers. Yan 
et al. (1997) reported MEm of between 0.61 and 0.75 
MJ/kg of BW0.75, indicating a large range of variation. 
However, consensus is lacking on whether genetic varia-
tion among dairy cows exists in their requirements for 
maintenance. Neither Ferris et al. (1999) nor Dong et 
al. (2015a) identified significant differences in MEm 
between breeds and between cows of different genetic 
merit for milk production. In direct contrast, Moraes 
et al. (2015), using calorimetric data from 284 Holstein 
cows, reported an increase in MEm over the years, 
which may be correlated with higher genetic merit of 
cattle for milk production. In the present study, the 
between-diet CV (0.8%) in MEm, although small, was 
significant (P < 0.01; results not shown). This is in 
agreement with earlier studies (Yan et al., 1997, Dong 
et al., 2015b), which reported significant diet effects on 
MEm. The results from Dong et al. (2015b) demonstrat-
ed that cows offered forage-only diets or TMR with 
forage proportion above 60% required approximately 
11% more energy for maintenance than did those of-
fered mixed diets with forage proportion <30%. The 
increased MEm reported for cows offered high-forage di-
ets has been attributed to increased energy expenditure 
associated with the digestive tract and other internal 
organs (Steen et al., 1998).
Between-cow CV in the efficiency of ME utilization 
for lactation (kl) is more difficult to evaluate, as only 
a few experiments have addressed this in essence. In 
our meta-analysis, the estimated between-cow CV in kl 
was 0.038. However, the residual CV was substantially 
high, leading to a low repeatability estimate for kl. The 
large residual CV is an accumulation of errors associ-
ated with measuring multiple variables needed in the 
calculation of kl. Although the repeatability estimate 
was low, the between-cow CV was significant, indicat-
ing genetic influence and scope to increase kl via selec-
tion. The CV due to diet in kl was considerably low and 
not significant (P = 0.22). Yan et al. (1997) combined 
data from 221 lactating dairy cows across experiments 
and reported that the proportion of grass silage in the 
diet did not significantly influence kl values. Because 
dietary manipulation can influence MEm of cows, as 
discussed previously, Agnew and Yan (2000) concluded 
that the lower performance of dairy cows offered high-
forage diets is due to higher MEm, which leaves less 
energy for production, instead of the high-forage diet 
resulting in lower kl. The results from the present study 
support this hypothesis that variation due to diet was 
significant for MEm but not for kl.
If FE is to be included as an economically important 
trait worthy of consideration in selection strategies, an 
animal’s rank for the trait must be repeatable across 
periods and a range of diets commonly used on dairy 
farms, and ideally also across production systems in 
general (feeding regimen, type of housing, milking sys-
tem, etc). The repeatability of RFI across diets and 
periods in this study was lower than that shown in 
Holstein dairy cows in mid-lactation. Potts et al. (2015) 
studied the repeatability of RFI in lactating Holstein 
dairy cows in mid-lactation (n = 109) fed low- and 
high-starch diets. They found that RFI was highly re-
peatable (0.73) across diet and that 44% (n = 48) of 
the cows changed their FE ranking from low RFI to 
medium or high RFI and vice versa when diets were 
switched. In the same study, the average repeatability 
of RFI within diet across experimental week was 0.65, 
whereas that across-diet and experimental week repeat-
ability was 0.56. Studies in growing beef cattle given the 
same diet across 2 separated periods (Kelly et al., 2010) 
and 2 consecutive periods (Durunna et al., 2012) have 
found repeatability estimates of 0.62 and 0.33, respec-
tively, for RFI. In a nutshell, the results of these studies 
indicate that RFI is moderately repeatable across diets 
and periods in both beef and dairy cattle. However, 
the occurrence of some animal re-ranking suggests the 
existence of a genotype × environment interaction for 
the trait (Kenny et al., 2018). A possible explanation 
for the lower repeatability of RFI in our study could 
be that the diets differed greatly in forage proportion 
(CV = 35%), whereas the diets in the previous stud-
ies had similar forage proportions. Short measurement 
periods in respiration chamber studies can also increase 
random errors, as all errors are accumulated in the EB 
term. Moreover, the cows in our study were at different 
stages of lactation, as some were in negative and some 
in positive EB. Repeatability of RFI could be improved 
if measurements are taken from periods when cows are 
in similar lactation stages and over longer periods of 
time. Using rank correlations, Prendiville et al. (2011) 
compared RFI of individual stages of lactation with av-
erage RFI over a full lactation and concluded that RFI 
cannot be successfully determined over a short period.
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Genetic gain is a function of variation between indi-
viduals; all conditions remaining the same, the greater 
the between-cow variation, the greater the potential 
genetic gain. The between-cow CV in RECM was 2-fold 
that of RFI, suggesting greater scope for genetic gain 
in RECM as a measure of FE compared with RFI. The 
repeatability of RECM was 12% greater than the re-
peatability of RFI. Repeatability for both definitions of 
FE, combined with the existence of significant between-
cow CV, suggests that both traits may be heritable, 
with maximum repeatability (broad-sense heritability) 
of approximately 0.25 in this study.
Correlation Among Components of Feed Efficiency
The variation between cows in DE/GE was positively 
associated with the differences between cows in CH4E/
GE. Increased CH4 yield (g/kg of DMI) with incremen-
tal digestibility is expected because more substrate is 
fermented in the rumen (Cabezas-Garcia et al., 2017). 
In a respiration chamber study involving 8 cows fed 
at either maintenance or production level (Schiemann 
et al., 1971; cited by Løvendahl et al., 2018), a strong 
positive relationship between digestibility and CH4 
yield (g/kg of DMI) was found in both cases. Løvendahl 
et al. (2018) reported a positive relationship between 
CH4 yield (g/kg of DMI) and digestibility in lactat-
ing dairy cows and indicated that some 25 to 30% of 
incremental DE can be lost as CH4 in response to a 
slower passage rate and improved digestibility. Also, 
in sheep studies, positive correlations (0.66 and 0.74) 
have been reported between CH4 yield (g/kg of DMI) 
and cellulose digestibility (Pinares-Patiño et al., 2003) 
and between CH4 yield and NDF digestibility (Pinares-
Patiño and Clark, 2010). Pinares-Patiño et al. (2003) 
further showed that CH4 yield was positively associated 
(r = 0.84) with rumen digesta pool size (i.e., high mean 
retention time). Using model simulations, Huhtanen et 
al. (2016) demonstrated that digesta passage rate was 
inversely proportional to CH4 yield (g/kg of DMI) and 
digestibility, with CH4 yield and digestibility chang-
ing concomitantly. In the present study, on average, 
a decrease of 10 kJ/MJ of GE in diet digestibility was 
associated with a 0.41 kJ/MJ reduction in CH4 yield. 
The positive relationship between CH4 yield and di-
gestibility is a drawback, as it limits the potential for 
improving FE by selecting cows for low CH4 emission 
and high digestibility at the same time. Therefore, cau-
tion must be excersized in selecting for low-emitting 
animals, as we risk selecting for animals with reduced 
NDF digestibility, thereby compromising an important 
characteristic of ruminant nutrition (Løvendahl et al., 
2018).
The partial regression coefficient of CH4 yield on 
BW was positive and significantly different from zero, 
indicating that CH4 yield decreases when body weight 
is decreased. The magnitude of the CH4 yield response 
to BW in our study was 0.041 (CH4 kJ/MJ of GE per 
kg of BW), suggesting an average increase of 0.041 kJ/
MJ in CH4 yield for every kilogram increase in BW 
at standardized feeding level. The significance of BW 
in explaining CH4 yield from enteric fermentation can 
be ascribed to the relationship between BW and gut 
capacity because gut volume is positively related to 
BW (Demment and Van Soest, 1985). Low CH4 yield 
(g/kg of DMI) has been reported in sheep and cows 
with smaller rumen volume and short mean retention 
time (Goopy et al., 2014; Huhtanen et al., 2016). This 
suggests that larger animals will exhibit slower ruminal 
digesta passage kinetics and greater amounts of fer-
mented feed than smaller cows when consuming similar 
amounts of a common diet. Therefore, the negative re-
lationship between CH4 yield (kJ/MJ of GE) and DMI 
in the present study was expected, as low DMI favors 
longer retention time, which increases digestibility and 
then increases CH4 production per unit of intake.
Methane production represents an energetic loss for 
the ruminant. Thus, reducing it could result in the 
repartition of more energy toward production (Judy 
et al., 2019). Bell et al. (2010) observed a 12% differ-
ence in CH4 intensity (g of CH4/kg of milk) between 
control and selected (for kg of milk fat and protein 
production) genetic lines, whereby genetically selected 
cows partitioned more of their nutrient intake toward 
milk production and less to CH4. They concluded that 
an effective way to reduce enteric CH4 emissions per 
kilogram of milk in dairy cows is breeding for increased 
ECM. In the present study, CH4E, expressed as a ratio 
of GE intake, negatively correlated with El(0)/GE. The 
negative relationship between CH4 intensity and ECM 
(Bell et al., 2010) and between CH4 yield and El(0)/GE 
(present study) are likely because total CH4 produc-
tion is positively related to both DMI and ECM. This 
indicates that high milk-producing cows produce less 
CH4 per unit of feed, which has desirable effects for 
genetic selection. Also, increasing ME intake has been 
shown to increase the proportion of energy directed to 
milk production and body tissue retention or low HP/
ME, which consequently increases the possibility of low 
proportional CH4E output for high-yielding cows (Yan 
et al., 2010). Accordingly, we observed that CH4E/GE 
was negatively associated with El(0)/GE and positively 
correlated with HP/GE.
Bauman et al. (1985) concluded that increased milk 
yield is not accompanied by large changes in nutrient 
digestibility. This is because differences in milk yield 
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among cows on the same diet are not associated with 
differences in digestibility among cows (Bauman et 
al., 1985). Similarly in our study, no correlation was 
detected between DE/GE and El/GE (r = 0.039, P 
= 0.40; results not shown), which indicates no direct 
effect of digestibility on milk energy output. In pro-
duction studies, however, a 1 percentage unit increase 
in digestibility was associated with 0.25 kg/d greater 
ECM yield (Løvendahl et al., 2018). When milk energy 
output was adjusted to zero EB (El(0)/GE), a moder-
ate positive correlation (r = 0.51) was observed with 
DE/GE. That El(0)/GE, but not El/GE, correlates with 
DE/GE suggests that cows more efficiently digesting 
diets partitioned a greater proportion of the incremen-
tal energy to body tissues instead of milk production. 
This is supported by a moderate positive correlation 
between EB and digestibility in the current study.
The correlation between El/GE and EB/GE was 
strongly negative (r = −0.69, P < 0.001; results not 
shown). This suggests that selecting for high genetic 
merit for milk production will likely result in cows with 
severe negative EB, especially in early lactation. How-
ever, the correlation between El(0)/GE and EB/GE was 
strongly positive (r = 0.74). In a study involving 35 
Israeli Holstein cows, Asher et al. (2014) replaced El 
with recovered energy (El + EB) and found a positive 
correlation (r = 0.38) between recovered energy and 
EB. The positive effect of EB/GE on El(0)/GE could 
be related to the way El(0) is calculated, from energy 
retained in milk and body tissue. It suggests that the 
values of El(0) are largely dependent on the range in 
EB estimates. When the efficiency of ME use for body 
tissue gain is underestimated, as seen in this study (Gu-
inguina et al., 2020), the effect of EB on El(0) is large.
No correlation was detected between El/GE and kl, 
indicating that production level is not related to the 
efficiency of ME utilization above maintenance. Earlier 
works also reported that kl was independent of the level 
of animal production (Agnew and Yan, 2000; Yan et al., 
2006). A moderate negative correlation was observed 
between kl and CH4E/GE. Similary, Yan et al. (2010) 
reported a negative relationship between kl and CH4E 
as a proportion of GE intake. This clearly suggests that 
putting selection pressure on high energy efficiency is 
an effective way of reducing CH4 emissions in dairy 
cows. However, the assessment of energy efficiency de-
mands the use of energy metabolism data, which may 
not always be available.
CONCLUSIONS
The present analysis showed that the between-cow 
variation and repeatability estimates for GE intake 
and milk energy as a proportion of GE intake were the 
greatest among all traits evaluated. The between-cow 
variation in RECM as an estimate of FE was larger 
than for RFI, which suggests greater scope for genetic 
gain in RECM than RFI, assuming they have similar 
heritability estimates. Milk energy output corrected for 
zero EB per unit of GE intake was positively related 
to digestibility and metabolizability of the diet and 
negatively to CH4 energy as a proportion of GE intake 
at the same DMI/BW. If between-cow variation in 
CH4 yield is related to differences among cows in their 
ability to digest a given diet, caution should be exer-
cised when selecting against CH4 emission in breeding 
programs, as we risk selecting for reduced digestibility, 
which is an essential factor of ruminant nutrition. On 
the other hand, breeding for cows with high efficiency 
of ME utilization for lactation is an effective approach 
to reduce CH4 emission.
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